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(54) Thromboreslstant coating using silanes or siloxanes 

(57) Coatings are provided in which txopolymers 
may t^e covaientiy linked to a sut)Strate. Such biopoly- 
mers include those tiiat impart thromboresistance 
and/or blocompatibility to the substrate, which may be a 
medical device. Coatings disclosed herein include those 
that permit coating of a medical device in a single layer, 
including coatings tiiat permit applying the single le^er 
without a primer. Suitable biopdymers include heparin 
complexes, and linkage may be provided by a silane 
having isocyanate functionality. Plasma deposition and 
solvent swelling techniques are described as preferred 
methods of depositing a derivatized sllane or a silane- 
heparin coating. 
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Description 

Background of Tlw Inyentkm 

5 1. Fletd of thB Invention 

[0001] This application relates to the field of medcal devices and more particularty to the field of thromboresistant 
coatings for medical devices. 

10 2. Description of Relaiod Ari 

[0002] Arteriosclerosis is a condition that detrimentally affects many individuaJs. Untreated, arteriosclerosis may lead 
to severe consequences, including heart damage, heart attack and death. Known treatments for arteriosclerosis have 
had lirnted success. Transluminal balloon angioplasty, wherein a balloon is inserted via a catheter into the artery of the 
75 patient and expanded, thereby simultaneously expanding the partially closed artery to a more open state, is a well- 
known treatment for arteriosclerosis, but long-term benefits of balloon angioplasty are limited by the problems of occlu- 
sion and restenosis, which result in re-closure of the artery. 

[0003] A variety of intravascular stents and prostheses have been developed to support diseased arteries and thereby 
inhibit arterial closure after angioplasty. In particular, expandable intraluminal stents have been developed in which a 

20 catheter is used to implant a stent into the artery of the patient in a minimally invasive manner. 

[0004] Like other foreign bodies placed into arteries, stents can resuft in coagulation or thrombosis in the intravascular 
environment. Thrombosis can inhibit blood flow through the stent, diminishing its effectiveness, or can cause clotting, 
which can threaten the life of the patient Accordingly, methods of reducing thronfibotic activity have been sought to 
reduce the negative side effects caused by certain stents. 

25 [OOOq A number of coatings have been developed for medical devices that are intended to promote compatibility . 
between a particular medical device and the environment in which the medical device resides. Some of these coatings, 
known as thromboresistant coatings, are intended to reduce the thrombosis often associated with insertion of a foreign 
object, such as a medical device, into the interior of the body. 

[0006] Heparin, or heparinic acid, arteven, or ieparan, is a glycosaminoglycan with well-known anticoagulant activity. 

30 Heparin is biosyntheslzed and stored In mast cells of various animal tissues, partlculariy the liver, lung and gut. Heparin 
is known to have antithrombotic activity as a result of its ability to bind and activate antithrombin til, a plasma protein 
which inhibits several enzymes in the coagulation cascade. It has been hoped that heparin coatings, by inhik)iting throm- 
bogenesis. can improve the therapeutic outcomes derived from intra-vascular medical devices, such as stents. 
[0007] However, known heparin coatings are subject to a number of defects, including incompatibility with the organ- 

35 ism and/or microscopic features of the surface to be coated, excessive thickness, difficulty in application, arxi insuffi- 
cient durability. Fbr example, several known coatings are based upon simultaneous coulombic interactions between 
heparin and tri(dodecyOmethylammonium chloride, which is also referred to herein as heparin-TOMAC, and hydropho- 
bic interactions between tiie quatemary ammonium ion of heparin-TDMAC and the sur^ce of the device. Due to the 
relative weakness of hydrophobic interactions, such coatings typically leach away from the substrate to which they are 

40 applied within a few hours; coatings of tills type, therefore, are not generally durable enough to provide beneficial ther- 
apeutic results. 

[0008] Otiier known coatings conrprise silanes having a pendent amino or vinyl functionality i n the fabrication of these 
coatings, a base layer of silane is applied initially to tfie suriace, followed by the application to ihe base layer of a second 
layer comprising antitivombogenic biomolecules, such as heparin. It is necessary that the pendent groups of the base . 

45 layer of silane be both complementary and accessible to groups on heparin. In some such coatings, a silane with ter- 
minal amino functionality is applied to a substrate to form a first layer, followed by application of heparin in solution to 
form the second layer. In certain examples of this strategy, the amino functionality of the si! ^r.e base layer reacts with 
an aldehyde-containing heparin derivative to form a Schiff base and thereby covalentiy att^ : :h. the biomolecule to the 
base layer. In another group of coatings of tills general class, a base layer comprising a si : .e with a vinyl functional 

so group is applied to a surface, fdtawed by oovalent attachment, via free radical chemistry, of a neparin-containing deriv- 
ative to ttie base layer. 

[0009] Some of the known coatings have been found lacking in bioeffectiveness and stability. Modifications made in 
these coatings utilize additional coatings of polymeric matrices comprising reactive functional : es. The multi-step proc- 
ess required to fabricate the polymeric matrices necessary in these approaches increases th Sickness of the resulting 
55 coatings. Thick coatings present a number of difficulties. First, thick coatings increase the pi • ii e of the medical devfee 
in tiie imravascular environment. A stent with a thick profile, for example, can reduce blood 'r.w, thereby undermining 
the therapeutic benefit of ttie stent. A tiiick coating may also render tiie coating itself more u nerable to pitting, chip- 
ping, cracking, or peeling when the stent is flexed, crimped, expanded, or subjected to intra">';cular forces. Any of the 
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foregoing results of excessively thick coatings may reduce the antithrombogenic characteristics of the stent Moreover, 
the likelihood of pitting s hypothesized to be greater in thick coatings, and pits in a coating may increase the suscepti- 
bility to galvanic corrosion of the underlying surface. Because their fabrication requires additional steps, coatings com- 
prising multiple layers may also be wore difficult and expensive to manufacture. 
5 [0010] Accordingly, a need exists for a thromboresistant coating that is thin, durable, and biocompatible, and that 
maybe applied in a single coating. 

Summary of the Inyehtlon 

10 [001 1] Coatings are provkled herein in which biopolymers may be covalently linked to a substrata Such biopolymers 
include those that impart thromboresistance and/or biocompatbility to the sutistrate, which may be a medical device. 
Coatings disclosed herein include those that permit coating of a mecfical device in a single layer, including coatings that 
permit applying the single layer without a primer. It shouM be understood that it mayt>e advantageous in some circum- 
stances to apply double layers of the coatings, such as to cover an area of a medical d : /ice that is used to hold the 

IS device while a first layer is applied. Thus, single, double and multiple layers off coatings are encompassed by the coat- 
ings disclosed herein. 

[0012] The coatings disclosed herein include tiiose that use an adduct of heparin molecules to provide tiirombore- 
sistance. The heparin molecules may comprise heparin-tri(dodecyl)methylamnronium chloride complex. Uses of tiie 
term "heparin" herein should be understood to Include heparin, as well as any other heparin complex, including 
20 heparln-tri(dodecyOmethylammonlum chloride complex. 

[001 3] The coatings descrbed herein further include those that use a silane or siloxane to covalently link a blopdymer 
to a substrate. The coatings Include those derived from sllanes or siloxanes comprising isocyanate and other elec- 
trophilic functionality. 

[0014] The disclosed coatings include those that can be applied without a base or prim^^r layer. 
25 [0015] Coatings are also included that provkle a thin and durable coating wherein the tfvcKness of said coating can 
be controlled by application of single or niultiple layers. 

[001 6] Coatings are provided wherein thromboresistance activity can be modified by choice of appropriate amounts 
of heparin-TDMAC complex and silane/siloxane. 
[001 7] Thin, durable coatings are provkled having controllable bioactivity. 
30 [0018] Single or multi-layer coatings disclosed herein are designed to impart thromboresistance and/or blocompati- 
bility to a medical device. In one embodiment, the coating provides for covalent linking of heparin to the surfece of the 
medical device. 

[001 9] One costing formulation of the present invention Initially consists of heparin-TDf^ AC complex, organic solvent 
and sllane/silOKane. Wetting agents may be added to this formulation. A silane or siloxane is chosen that has an 

35 optional organic chain between the isocyanate (or other functionality) and silicon atom. The isocyanate functionality 
reacts with an amino a hydroxyl group on the heparin (or other biopolymer) molecula After '^e reacticr.. formulation 
contains covalent adducts of heparin and silane, in ^Jdition to organic solvent arxl other ac'ditives. Unreacted silane or 
heparin-TDMAC complex maybe present in the formulation, depending on the relative amounts of tiie reagents utilized. 
[0020] Once the coating formulation is applied to a device, the silane/siloxane end group of the adc^uct mentioned 

40 above adheres to the substrate surfiace. and a network, or f flm, containing heparin-TDMAC complexes is created on the 
surface of a substrata Heparin molecules in the heparin-TDMAC complex are known to have anticoagulant properties. 
When exposed to blood, heparin molecules inactivate certain coagulation factors, thus preventing thrombus formation. 
[0021] The direct adherence of the silane/siloxane end group to tiie sUbsfrate means tiiat the coating maybe applied 
to a wide range of medical device materials wittiout the use of a base/primer layer. The covalent bond bc^.veen the sur- 

45 face and the silicon of the silane/siloxane comprising the hepeuin-TDMAC complex provicos superi':r urabiiity com- ' 
pared to known coatings. 

[0022] The coating can be applied by dip coating, spray coating, painting, plasma deposit - n. solve-** - efiiro or wip- 
ing. For covered devices, plasma deposition and solvent swelling are preferred modes. 

[0023] The coating can be thin and durable. The coating ttiickness can k>e controlled in a number of v;-^ . s, e. g. , by the 
so application of single or multiple layers. Since the coating process described herein may be n one-step - cess, coating 
thickness is not increased as a result of the need to apply multiple layers, as in certain knov/n coating ethods. 
[0024] In one preferred aspect, very thin coatings of suitably derivatlzed silane or sik)xane can be pr'^oared using a 
plasma deposition process. Accordingly, It is a further aspect of the present invention to provide a mediCcJ device having 
a ttiromboresistant coating prepared such a plasma deposition technique. 
55 [0Q2S] In another preferred aspect using medical devices covered with a f luoropolymeric material, a s'l^^ ne or a silane- 
btopolymer is first dissolved in an appropriate organic solvent which, upon contact with th- substra ?. veils :he sub- 
strate surface and cam'es tiie solute Into the surface-modified sut>strata Upon drying the solvent tiie :.i ute (either the 
silane or silaxane or the silane-btopolymer) remains embedded into the surface of the subs' te there^ - - vid^ng a thin 
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coating layer with inaeased resistant to displacement, cracking or leaching. When the silane or siloxane alone, is 
embedded into the covering, further contact with a biopoiymer creates the covalent thromboresistant complex. Accord- 
ingly, it is a further aspect of the present invention to provide a medical device having a thromboresistant coating pre- 
pared by a solvent swelling technique. 
5 [0026] The bioeffectiveness of the coatings can be controlled by selecting appropriate amounts of reactants. In par- 
ticular, the thromboresistance activity of the coating can be controlled by modifying the amount of heparin-TDMAC com- 
plex in the coating. 

DetalM Description of the Preferred Embodiments 

10 

[0027] Single or multi-layer coatings are provided herein that are designed to inrpart thromboresistance and/or bio- 
compatibility to a medical device. In an embodim&it of the invention, the coating provides for the covalent linking of 
heparin molecules to a subsbBte. 

[0028] A heparin molecule is understood to contain a specific art-recognized pentasaccharide unit that displays anti- 
15 thrombogenic qualities. Covalent linkage of a heparin molecule to a surfcice is understood to affect at least one, but not 
all. of tfie hydroxyl and amino moieties comprised by that molecule; the covalentiy linked heparin, tiierefnro presents a 
thromboresistant surface to the environment surrounding the coated substrate. Different methods and foi .; lilations for 
covalentiy linking heparin to the surface may affect different sites on the heparin molecules, so that different formula- 
tions will provkie different levels of anti-tiirombogenk:tty. 
20 [0029] One coating fomiulation of the present invention initially consists of heparin-TDMAC complex, organic solvent 
and a silane or siloxane. Other btopolymers may be used in place of or in addition to heparin-TDMAC complex, and 
such biopolymers maybe covalentiy linked to a substrate according to the present invention. Such biopolymers may be 
those that provkie thromboresistance, or those that have other desired bioactivity. 

[0030] The silane or siloxane provkJed may have functionality capable of reacting with a nudeophilic c roup, e.g.. a 
25 hydroxyl or amino group. In particular, the silane may comprise isocyanate, isothiocyanate, ester, anhy^ le. acyl hal- 
ide. alkyl halkie, epoxide, or azirkiine functionality. Preferably, the silane or siloxane comprises isocyanate iunctionality. 
[0031] The silane or siloxane comprising isocyanate functionality may be linked covalentiy to any biop<^! ^^r that pro- 
vides anti'tiirombogenicrty. The selected biopoiymer may be selected from a group of heparin comp- ncluding 
heparin-trkiodecylmetiiylammonium chlorkie, heparin-t>enzalkonium chloride, heparin-steralkonium chion..c. heparin- 
30 poly-A/-vinyl-pynrolkfone, heparin-lecithin, heparin-dkiodecykiimethyl ammonium bromkJe. heparin-pyridiniumchlorkie, 
and heparin-synthetic glycolipkJ complexes. The selected biopoiymer may also be another biopoiymer that has hydroxyl 
or amine functional groups that can react with the isocyanate functionality of the silane or siloxane. 
[0032] The selected biopoiymer is preferably capable of dissolving in an organic solvent, as opposed to b'^ooly mers 
that dissolve only in water. Solubility in organic solvents confers a number of advantages, e.g.. elimina on of water- 
35 mediated deoompositk>n of the isocyanate-oontaining silana 

[0033] In one preferred embodiment, tiie selected biopoiymer is heparin-tri(dodecyOm6thylammoniun . - '-loride com- 
plex. 

[0034] Wetting agents and otiier additives maybe added to the coatings described herein, to improve * adherence 
to the substrate, to improve the ease of adding the coatings to a substrate, or for other purposes. A va v r i orcank: 

40 solvents may be used, including tetrahydrofuran (THF). Additives may include surface active agents, si . Triton. 
[0035] The selected silanes or siloxanes may have a linking group, such as an organic chain, k>etween i: .e isocyanate 
functionality, which covalentiy links to the heparin molecule, and an end group that is capable of linking a substrate 
surtace. The end group may link to pendant oxide-groups on the substiBte surface; in some cases, the p j^^iant oxide 
groups may be obtained by oxklation of the substrate. Preferred silanes and siloxanes include Isocyanat'- - rr itriethox- 

45 ysilaifie. hexamethyldisiloxane, hexamethykiteilane. tetrametiiyldisloxane. trimethyklisilane. trimethylsilar . . .:Acimeihyl- 
disilizane. 

[0036] The bioactivity, including thromboresistance, of the disclosed coatings may be selectively mod ' ' by control- 
ling the anrK)unts of heparin-tridodecylmethylammonium chloride complex, silane or siloxane compri^ ' isocyanate 
functionality, and organic solvent, as well as other constituents, to provide the desired thromboresistanc • en hod- 

50 iment of the coatings, the concentration of the silane or siloxane in the formulation is between about c ' pe cent . 
and about four percent. In an enf*odiment the concentration of heparin-tridodecylmethylammonium ch n th . for- 
mulation is between about one-tentii percent and atx)ut four percent. One preferred coating is a solutic • a fo mu- 
lation of silane or siloxane of about five-tenths percent and a formulation of the heparin-tridodecylme iiv . nmonium 
chlorkie complex of about two-tentiis percent. In one such prefened solution, the organic solvent is tetr. oluran. 

55 [0037] Heparin molecules, including those in heparin-TDMAC a}mplex are known to have amico^^ -^operties. 
When exposed to blood, structural elements of heparin molecules inactivate certain coagulatfon factors. :^ reve ting 
thrombus formation. 

[0038] The coatings descrft)ed herein may be applied in a single layer. The layer can be fomied by ^'^ing silane 
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having isocyanate functionality with a heparin in an organic solvent to form a silane-heparin complex, which can be 
applied directly to a substrate, such as a metal substrate, in a single-layer coating that can be applied without a primer. 
The single layer can thus be made sufficiently thin to minimize the problems of peeling, cracking, and other problems 
that characterize some thicker coatings that require multiple layers, primers, or polymeric matrices fcr binding to the 

5 substrate. Thus, the layers may perform better under the mechanical crimping a expansion of a medical device, such 
as a stent, to which they are applied, and may perform better in the intravascular environment. 
[0039] The silane end groups of the monomer that yield the coatings react with oxides or hydroxyl groups on the sur- 
face of stainless steel. The stainless steel surface may be oxidized or cleaned and pre-treated, such as with sodium 
hydroxide, to increase the number of appropriate sites fa linking the silane end groups. 

10 [0040] For covered medical device surfaces, such as those covered with a polymer like polytetrafluoroethyfene 
(PTFE) or expanded PTFE (TEFLON), f luorinated ethylene propylene, polytetrafluoroethylenei)erfluoroalkyl vinyl ether 
copolymer, polyvinylchloride, polypropylene, polyethylene terephthalate, polyurethane. polyureas. fibres, broad fluo- 
ride, silicone and other biocompatOble materials, exposure to organic solvents can swell the surface \r a "spcngelike" 
manner. A PTFE substrate, or other cellular polymeric substrate, when 63q>osed to a solution of a t: ombot ::sistant 

IS material, such as heparin-TDMAC, in a suitable organic solvent will swell to oomain the solution. Upo i drying and/or 
vacuum removal of the solvent, what is left behind is a substrate surtoce which contains heparin-TDMAC in an inwardly 
deaeasing concentration gradient of an interpenetrating network. 

[0041] Suitable solvents include alcohols such as 2-propanol, aromatics such as toluene or xylene, acetone. DMF, 
ethers such as THF, dimethylacetamide, CH2CI2. hexane and Fireon. It is also contemplated that mixtures or blends of 
20 solvents will be prefenred based on the chemical and/or physical properties of the thromboresistant coating material or 
the covered medical device. 

[0042] Borxfing of the silane or siloxane to the covered substrate surfece of the medical device can also be accom- 
plished by plasma deposition. Plasma treatment Is accomplished using a glow discharge ionization ch- ^iber, v 'hereby 
the substrate is placed in the chamber and the chamber pressure is reduced to a minimal level, prefer y belrv^ about 

25 0.1 torr, using a vacuum pump. The silane or siloxane is then introduced into the chancer In gasec form ntil the 
chamber pressure reaches a desired level, preferably about 0.3 torr, and then purged again to prefer- y bete v about 
0.1 torr to reduce contamination from ambient gases. This purge-pump cyde may be repeated as ma , times as nec- 
essary. The final desired pressure of silane or siloxane is typically from about 0.1 torr to about 0.5 ton- and most prefer- 
ably about 0.3 torr. Radio frequency power, preferably from about 10 to about 100 watts, is then generated and applied 

30 to the gas in the chamber for a fixed period of time, preferably a period of about 1 0 to about 20 minutes. 

[0043] It is necessary to maintain a balance of four factors during the plasma treatment of the subo:rate surface In 
order to insure sufficient bonding arxi to prevent unwanted side reactions at the silane: power (wattage); exposure time 
(reaction time); gas flow rate; and chamber pressure. Variation of one of these factors may cause ar; > stme i of the 
other factors in order to achieve the desired result The wattage should be from about 1 to about 700 ^ its, pr rferably 

35 less than about 200 watts aiKl most preferably from about 5 to about 60 wal^ Uher amber 

should be atx>ut 0.1 to about 500 cubic centimeters per minute (cc/min). The chamber pressure u ing t. tment 
should be from about 0. 1 to about 1 00 torrs. preferably from about 0. 1 to about 1 0 tons and most p' e ; j\ y f rr about 
0.1 to atx}ut 5 tons. Exposure time of the substrate surface to the chamber atmosphere varies accr c :o th ? urface 
material and is typically from about a few minutes or hours to about 24 hours. Preferably, at 60 watts, 1 torr and 0.3 

40 cc/min. a time of about 1 0 minutes to about 1 hour is sufficient to coat the substrata 

[0044] A covered medical device in which a derivatized silane or siloxane has been plasma deposit<>d can then be 
contacted with a biopolymer. such as heparin-TDMAC, under conditions in which the hydroxyl or a ino croups of 
h^rin react with an electrophilic functionality, such is an isocyanate, on the silane or siloxane. The re. ulting covalent 
attachment thereby providing the thromboresistant character to the medical device. 

45 [0045] The plasma deposition aid solvent swelling processes of the present invention are suitable for r-xlica! r^os^Aces 
covered with a layer of biocompatitde material. Preferred biocompatible materials are fluoropolyn ^^rs. • .st ?rably 
PTFE and expanded PTFE (TEFLON), fluorinated ethylene propylene, polyterrafluoroethylenepea ■ yi v - ether 
copolymer, polyvinylchloride, polypropylene, polyethylene terephthalate, polyurethane. polyureas. f roac: • r ride, 
silicone and other biooonrpatible materials. 

so [0046] Most preferably, medical devices prepared with the plasma depositk)n and solvent sweii; ; cessc - of the 
present invention are ''expandable" or "self-expanding" stents such as those disclosed in U.S. Parent : Jo. 5.923.279, 
which is herein incorporated by reference in its entirety. "ExpandaUe" stents are typically formed of spf' meti'. shape 
memory alloy (e.g.. nickel/titanium alloy), or other material which is resiliently biased toward its ivWy 1 . Miy e^^^anded 
configuration or otherwise capable of expanding to its fully expanded configuration without the neec or e> tion of 

55 extraneous forcea Such stents are initially mounted in a compressed configuration via a delivery cat.^ :ter. a;.d once 
delivered, are allowed to return to the expanded configuration in which the stein was initially fbrn^ec^ use*: ^erein. 
the term "expandable stent" is meant to include self-expanding stents and stents which return to i'^ 0 md * inf ig- 
uration by the application of temperature. Preferably, the expandable stents to be coated with the ; ^ der 'on or 
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solvent swelling techniques of the present invention are covered with a fluoropofymer 

[0047] To innprove hydrolytic stability, non-functional silanes can be added to the fornnulations disclosed herein. Other 
silanes may be used to link to substrates, such as trihalosOanes. and sitanes having methoxy arKi ethoxy groups. 
Silanes having triethcxy, triaikoxy, trichloro, and other groups maybe provided to yield the covalent linkages present in 
5 the coatings disclosed herein. The non-functional silanes may be selected from the group consisting of chain alkyttri- 
alkoxysilanes and phenyltrlalkoxysilanes 

[0048] . In an emtxxliment. the amount of functional silane is preferably selected to provkJe substantially complete cov- 
erage of the substrate surface; that is, it may be desirable to have the single layer cover all of the surface that would 
othenwise be exposed to the environment in whk;h the substrate will be placed. 
10 [0049] The adherence d the silane end group to the sut)stFate means that the coating may be applied to a wkJe range 
of medical device materials without the use of base/jDrimer layer. The covalent bond between the heparin-TDMAC com- 
plex and the sut)strate provides a thin and durable coating. The coating's thickness can be controlled, e.g. by choice of 
the length of the chain connecting the silane and isocyanate functionalities. 

[0050] The bioeffectiveness and/or biosotivity of the thromboresistant coating can be controlled by se!=^:ting appro- 
is priate amounts of reactants. In particular, the thromboresistance activity of the coating can be modified * modify ng 
the amounts of heparin-TDMAC complex and silane in the coating. 

[0051] Single layers have further advantages in that protHems may arise in the extra steps required for the deposition 
. of multiple layers. For example, dust or other particulates may appear between coatings in two-step procpsses. Also, 
application of a second layer may tend to reduce reactivity of the first layer in an unpredictable wi^. 

20 [0052] Coatings of the present invention may be applied to medical devices that are placed in the body of a human, 
or that remain outside the body. Coated medical devices tiiat are placed in the human txxly may include stents, cathe- 
thers. prostheses and other devices. Coated medical devices that remain outside the human body may i; c ude tubing 
tor tire transport of blood and vessels for the storage of biood. Sut)strates or medical devices on which : e coatincs 
described herein may be applied can include a wide variety of materials, including stainless steel, nitlnoi. tantalum. 

£5 glass, ceramics, nickel, titanium, aluminum and ottier materials suitable for manufacture of a medical ne /- e. 

[0053] The coatings disdosed herein may further indude a film-forming agent for the coating. The flin.b ingag^^ts 
could slow any leaching of the biopolymer from the coating. The film forming-agent could be added in a ~ :ond layer, 
or dissolved simultaneously with tiie silane and tiie biopdymer. Appropriate f Onvfbrming agents could incii.' !9 celluicse 
esters, polydialkyi siloxanes. polyurethanes. acrylic polymers or elastomers, as well as biodegradable p^^' ners snch 

30 as pdylactic add (PLA), pdyglycollc acid (PQA). copolymers of PLA and PQA, known as PLQA, poly(e-cn;..olactone), 
and the like. 

[0054] To create coatings of the present invention, the silanes and heparin complex are dissolved in a f ^ 'vent, wh^ch 
may be an organic solvent. The sdutions preferably should be substantially anhydrous, because water is to re :t 
with isocyanate groups of the silane molecule. The water may be added after mixing the silane-isocyanc t / :h hep? n. 

35 In certain embodiments, the silane and heparin are combined In solution, tiie resulting solution Is aged i^" about ( • ^e 
day, tiie pH is adjusted with a weak add. and tfien water is added to hydrdyze silane. The pH of the on may be 
adjusted with aqueous acetic acid. Instead of adding water, it is possible to hydrolyze the silane grou; s ^ posure o 
nfK>ist atmospheric conditions. It is desirat)le to mix the silane and heparin complex in a manner so as n i !e a s n Mt 
excess d heparin mdecules, so that all of ttie isocyanate is reacted, preventing adverse reactions be' the isc y- 

40 anate and any water. Moreover, it is desirable to have a single heparin react witii each silane isocy nn^^ ^ functic al 
group; this goal is most easily accomplished by starting with an excess of heparin. 

[0055] Based on experimental results, it was found that, in certain embodiments, sdutions of about two i<i .(hs percent 
heparin complex and about five-tenths percent slime provided effective coatings. However, coatings in fairly w ie 
range may be effective. Thus, coatings are likely to have some effectiveness incaseis in which hei a omplev s 

46 present in concentrations ranging from about one-tentii of a percent to about twenty percent. Coatinc > leparir . n 
concentrations of less tfian ten percent may be preferable in some formulations. Coatings with hepa n :oncen^ 
tions of less tiian five percent may be pref&able in other formulations. Coatings may be expected to b e: tive in t r- 
mulations in which silane is present Jn a wider range of concentrations as well, induding ooncentrat r oing fr n 
about one-tenth of a percent silane to about twenty percent silana 

50 [0056] The thromboresistant characteristics of heparin coatings can be assessed qualitatively and cvr- 'tive! /. ^to 
that methods can be devdoped that provide uniform coating witii a desired amount of bioacti^ y ces : / 
heparinized surfaces give a purple stain when exposed to toluidine due. After coating, the surface =s jsed t a 
saline sdution for a number of days or weeks, and thromboresistance activity Is measured as a functicn c . r.e. Ste ts 
and coupons coated as disdosed herein were shown experimentally to display long-lived thromboresistf ' vopert. s; 

55 bioactivity persisted for periods on the order of montits. and it will probably endure much longer. 

[0057] The heparin activity of a sample may be quantified based on its ability to inactivate throf quar /y 

heparin activity in experimental assays, heparin may be first mixed with human antithrombin 111, whic'. ; i cre^t - a 
complex. The heparin-antithrombin 111 complex can tfien be mixed with ttirombin to produce a ternary r i-- conip s- 
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ing heparin, throinbin, and antithrombin. The heparin then departs this complex and is free to react again with available 
antithrombin and thrombin to aeate additional thrombin-antithrombin complexes. Thus. h^>arin acts as a catalyst for 
the antithrombin-mediated deactivation of thrombin. The reaction of the active thrombin still left in the solution with a 
substrate produces a proportional anrxxjnt of p-nitro aniline exhibiting color. Thus, an assay may be conducted for a 
spectrophotometric analysis of color, to determine the amount of thrombin left in solution. The more thrombin left in 
solution, the lower the bioactivity of the heparin. A low level of thrombin in solution indicates a high degree of catalysis 
of the thrombin-antittirombin reaction, which indicates a high level of ttiromboresistance provided by the heparin. A 
baseline comparison for the assay is the very slow reaction of thrombin-antithrombin in the absence of heparin. The 
results of tiie assay can be quantified using spectrophotometry. The assay mintics the reactions that occur in the human 
bloodstream, where thrombin and anti-thrombin circulate at all times. The reaction between antithrombin and thrombin 
In the body, which is catalyzed by the heparin of tiie coatings of the present invention, helps suppress the coagulation 
that results from ttirombogenesis on a medical device. 

[0058] Various methods off making coatings of the present invention are possible, and examples of su^h methc 's and 
certain resulting coatings are as follows. Such methods and coatings are disclosed by way of exan ; :e. and c>: not 
intended to be limiting, as other examples may be readily envisioned by one of ordinary skill in the an. The fc' wing 
examples include methods of provicfing coatings of tiie present invention in a single layer, without the need for r ; imer 
layer, as well as methods of controlling tine bioactivity of the resulting coating. In some instances, expc inenta! :sults 
are provided showing sustained bioactivity for the particular coating. 

[0059] Coatings can be applied in a wide variety of conventional ways, including painting, spraying, dipping, vapor 
deposition, epitaxial growth, plasma deposition, solvent swelling and other methods known to those of ordinary kill in 
the art. 

[0060] To test coatings disclosed herein, infrared scans were perfomied to demonstrate changes in rhe isor /anate 
functionality, through obsen/ation off the isocyanate peak (NCO. 2260 or 2270 cm-1) over time. Isocyc: atosiia. e was 
formulated with different conponents. Including heparin-tridodecyimettiyiammonium chloride r ^iex(i ' irin- 
TDMAC comple)0. tetrahydrofuran (THP) and Triton (an optional, surface active agent) in sr j: > ;o det nine 
whetherttieimensityofttieisocyanatepeakchangedovertime. Table 1 shows the observation of t^^^ ^ yar .jnc- 
tionality for different solution constitutents: 
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TABLE 1 


Solution 


Observation 


1)Silane + THF 


No change in peak with time 




2)Silane + THF + TDMAC 


No change in peak with time 




3) Silane + THF + Triton 


No change in peak with time 




4) Silane + THF + Heparin-TDMAC complex 


Peak disappears with time depending on the copcs- 


-"'•on o' 




silane and heparin-TDMAC complex 
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SO 



The obsen/ation ttiat the isocyanate peak disappears with time in the solution that includes silane, THF and H parin- 
TDMAC complex suggests tiiat a reaction occurs between functional groups on heparin and tiie iso' 
silane. 

[0061] In embodiments of the present invention, the coating formulation contains the fbllowing cor^ 
may vary in concentrations in different embodiments: Heparin-TDMAC complex, an organic solvent. . 
silane, such as 3-isocyanatpropyl triethoxysilane (OCN-(CH2)3-Si(OEt)3), and Triton (x-100). In a fi; s 
solution of these constituents was mixed and allowed to sit in order to permit a reactfon to occur. A!!r 
to sit for one day allowed the reaction to occur, but shorter reaction times may well be effective. Be 
strata witit ttie solution, the pH was adjusted. Solutions of the above constituents were adjusted to a 
and 5.5 using a solutfon of acetic add and water. After adjusting pH. it is desirable to wait for a pericc c 
fifteen minutes, before applying the coating. Once ttie coating was applied, it was dried in air and cur. 
particular, coatings of the above constituents were dried in air for about twenty minutes and tiien ctr 
eighty-five degrees Celsius for about one hour. 

[0062] Coatings, derived from the abov»<jescribed solutions, on coupons and stents were tested 
Rrst. as a qualitative test, coated coupons and stents were dipped in tdukline blue solution and then .v 
the presence of a purple stain. As mentioned above, tiie presence of a purple stain in ttiis assay inc' ' 
of heparin in ttie sample being assayed. Additionally, the intensity of the purple stain observed in ; 
tlonal to tiie amount of heparin in the sample. Therefore, a comparison of the intensities of the pumi 
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in this assay by a set of sampids allows an assignment of the relative amounts of heparin comprised l>y the coatings of 
those samples. 

[0063] As a quantitative test for heparin activity, a heparin activity assay was conducted according to a conventional 
thrombin inhibition assay technique. The heparin assay permitted determination of the ability of the hepari ^ coating to 
5 deactivate thrombin and thus to provide thronfdx)resistance. The purpose of the protocol was to assay for hvf .arin activ- 
ity based on thrombin inhibition. A number of different reactions are understood to take place in order to determine 
heparin activity. In the first reaction: 

Heparin + ATIII (excess) — [Heparin* ATIIQ 

10 

Heparin reacts with Human Antithrombin 111 ("ATIIH to yield a Heparln-Antithrombin III convex. In the second reaction: 

[Heparin^ATIIQ + Thrombin (excess) — [HeparinWIirThrombin] -i-Thrombin 

IS the Heparin-Antithrombin complex reacts with Thrombin to yield a Heparin-Antithrombin-Thrombin complex. !n the thi<d 
reaction: 

82238 + Thrombin —-peptide + p-nitroaniline (measured at 405 nm) 

20 the amount of the thrombin was measured. As a result the size of the p^itroanifine peak measured at 405 nm is 
inversely proportional to the amount of heparin present 

Example 

2$ [0064] The invention now being generally described, it will be more readily understood reference to th^^ following 
examples which are included merely for purposes of illustration of certain aspects and embodiments c -r?--. ^t 
invention, and are not intended to limit the invention. 

General Procedures 

30 

[0065] In the following examples, heparin activity on coated coupons or stents was measured after e^'^cslno '^^e 
coated object to a continuous flow of saline at thirty-seven degrees Celsius for a selected time period. StairM'ass steel 
coupons and scents were cleaned before coating. The coupons or stents were cleaned with several orgar^c solvents, 
such as hexane and isopropemol, followed by rinsing with distilled water. The cleaning procedure was carried cut in an 

35 ultrasonic bath for fifteen minute& After this procedure, the coupons or scents were placed in sodium hydroxUo solution 
(1 .0 N) for fifteen minutes and then washed thoroughly with distilled water. Samples were air dried before ^ - * ''r.c. 
[0066] It should be noted that thrombin inhibition assay techniques are notoriously subject to significant : ^-^r • - ; 
accordingly, it is not unusual to obtain variable experimental results for a given sample. The exanples v ice y 
results for multiple samples under a variety of conditions and thus indicate in the aggregate that the coatir esc; :^ :d 

40 herein are litely to provide therapeutic levels of thromboresistance. However, results from any single fornvii.Mion were 
found to vary somewhat depending on particular sample conditions. In cases where more ttian one set of c:ata is pro- 
vided for a given sample, the individual data sets reflect measurements taken at distinct positions on th?t ^ n^oi»: ' e 
data sets in these cases, tiierefore, do not necessarily reflect a lack of precision In the measurements. 

45 Example 1 

[0067] Stainless steel coupons were coated with a formulation of 1% heparin-TDMAC complex, 2% si*-*^ - c-y^ 
THR The coupons were dipped once in ttie formulation, with a dwell time of five seconds at a coatino r ^ 
in/min. to give a single layer of coating. Results are set forth in Table 2. 



Table 2 



Sample 


Activity. mU/cm^ 




Unwashed 


7 days wash 


97-080-900 


<10 


<10 


97-080-90C 


<15 


<10 
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Table 2 (continued) 



Sample 


Activity, mU/cm^ 




Unwashed 


7 days wash 


97-080-90D 


<15 


<5 


97-080-90D 


<15 


<5 



The coating showed tduidine blue stain before and after washing with water. The coating showed heparin activity after 
10 one week of exposure to saline. 

Example 2 

[0068] Stainless steel coupons were dipped once, at coating speeds of 10 inMiin and 42 in/hfiin and for a dwell time 
IS of five seconds, and resulting in single layer coatings of different ttiickness, in the following fbrmulations: 1 ) 7% heparin- 
TDMAC complex. 2% silane and 91% THF and a small amount of Triton; and 2) 2% heparin-TDMAC complex. 2% 
silane and 96% THF and a small amount of Triton. Sample pieces were cut from coi^xms and were either washed or 
not washed before being measured under the indicated conditions after the indicated amounts of time. Results are set 
forth in Table 3: 

20 

Tables 



Sanrple 


Activity. mU/cm^ 




1 day unwashed 


2 days unwashed 


1 day wash 


2dayswash 


7 days ^f^sf) 


97-100-9A 


<50 


<75 


<15 


<25 


1 

i 


97-100-9A 


<50 


<75 


<15 


<25 


j 


97-100-9B 


<50 


<75 


<25 


<50 




97-100-98 


<75 


<75 


<15 


<50 


<10 



A tduidine blue stain was present before and after washing, and the coupon showed heparin activity after seven days 
of washing. Combined with Example 1 . the results showed that heparin activity can be varied using different coa Jng for- 
35 mutations and coating processes. 

Exampto 3 

[0069] Stainless steel coupons were dipped once, at speeds of 10 in/min and 42 in/imin, and for dwell times of five 
40 seconds, two minutes and fifteen minutes, and resulting in coatings of different thickness. In the following forn^ - lions: 
1) 7% heparin-TDMAC complex, 2% silane and 91% THF and a small amount of Triton; and 2) 2% heparin : jMAC 
complex. 2% silane and 96% THF and a small amount of Triton. Results are shown in Table 4. 



Table 4 



Sample 


Activity, mU/cm^ 




1 day unwashed 


1 day wash 


7 days wash 


97-100-15A 


<150 


<10 


<5 


97-100-15A 


<100 


<10 


<10 


97-100-15B 


<50 


<10 




97-100-158 


<25 


<1 


<25 


97-100-150 


<75 


<25 




97-100-15C 


<100 


<50 




97-100-15D 


<150 


<50 
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Table 4 (continued) 



75 



Sample 


Activity. mU/cnf 




1 dav unwashed 


1 dav wash 




97-100-15D 


<150 


<50 




97-100-1 5E 


<150 


<10 


<10 

^ 1 w 


97-1 00-1 5E 


^ 1 WW 


^fcw 




97-100-15F 


^ IwU 


^ 1 w 


<£w 


97-100-15F 


<200 






97-1 00-1 5G 


<150 


^i*.W 




97-1 00-1 5G 


<150 


<25 




97-100-15H 


<150 


<50 




97-100-15H 


<150 


<50 




97-100-151 


<200 


<100 


<50 


97-100-151 


<200 


<75 


<75 


97-100-15J 


<200 


<100 




97-100-15J 


<250 


<100 





25 Seven day results were for certain pieces measured at the one day point and then placed back into a f lusher for addi- 
tional days of washing. Totuidine blue stains were present before and after wash, with shades differing with thickness. 
Heparin activity was present after seven days of washing. In combinatfon with Examples 1 and 2. this example demon- 
strated that heparin activity can be varied using different coating formulation and coating processes. 



30 Example 4 

[0070] Stainless steel coupons were dipped once, at speeds of 10 inAnin for dwell times of one-half, one, two, five, 
ten and fifteen minutes, in the following formulation: 2% heparin-TDMAC complex, 2% sllane. 96% THF and a small 
amount of Triton. Certain coupons were dipped into toluldlne blue solution and rubbed under water. The coupons were 
35 then redipped in toluidine blue and checked for the presence of a stain. Results are shown in Table 5. 



Tables 



Sample 


Appearance 


Toluidine blue stain 
before rub test 


Toluidine blue stain after rub 
test 


97-100-30A 


Good coating, thin 


Uniform, light 


Uniform, light 


97- 100 -306 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30C 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30D 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30E 


Good coating, thin 


Uniform, light 


Uniform, light 


97-100-30F 


Good coating, thin 


Dark gritty stain 


Uniform, light, some peeling 



[0071 ] A qualitative assessment of the effect of different solvents on coating was also performed, by dipping a coated 
sanple in solvent for 60 seconds and then washing it with water and staining it with toluidine blua Resufts are shown 
in Table 6. 
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Table 6 



Sample 


Solvent 




IPA 


Toluene 


Hot water (high pressure 
flow) 


Hot water (high) pres- 
sure flew) 


Acetone 


97-100-30G 


Good purple stain 


No stain 


Ught stain 


Ught stain 


Good stain 



10 

Heparin activity is displayed in Table 7. 



Table? 



35 



Sample 


Activity, mU/cm^ 




1 day unwashed 


1 days wash 


97-100-30A 


<150 


<25 


97-100-30A 


<150 


<25 


97-100-30B 


<75 




97-100-30B 


<75 




97-100-30C 


<50 




97-100-30C 


<50 




97-100-30D 


<50 




97-100-30D 


<50 




97-100-30E 


<10 




97-100-30E 


<25 




97-100-30F 


<10 




97-100-30F 


<25 




97-100-30Q 


<25 


<25 


97-100-30G 


<25 


<25 



IW72] This example indicated that coating thickness maybe dependent on dwell time, that rubbing does not remove 
40 the coating as indicated by stains after rubbing, that washing with various solvents has a different effect on coating dura- 
bility, and that heparin activity was present after washing. The example provided further evidence that heparin activity 
can be varied using different coating processes. 

Example 5 

45 

[0073] Stainless steel coupons were dipped once, at speeds of 1 0 in/min. and for dwell times of two and fifteen min- 
utes, in the fbllowing fbrmulations: 1) 2% heparin-TDMAC complex, 4% silane and 94% THF and a small amount of Tri- 
ton: 2) 2% heparln-TDMAC complex, 8% silane and 90% THF and a small amount of Triton; 3) 4% heparin-TDMAC 
complex. 4% silane and 92% THF and a small amount of Triton; and 4) Diluted 4% heparin-TDMAC complex. 4% silane . 
so and 92% THF and a small amount of Triton. 

[0074] Coated coupons were dipped in toluidine blue solution and rubbed with fingers undenwater, then redipped in 
toluidine blue and checked for staina Results are displayed in Table 8. Heparin activity for this example is displayed in 
Table 9. 

[0075] This example demonstrated that for thin coatings thk:knes8 is not strongly dependent on dwell time. Also, rub- 
55 bing does not remove the coating, as indicated by stains after rubbing. Ljong term durabifity of the coating is evident 
from heparin activity results. Again, heparin activity can be varied using different coating fbnnulation and processes. 
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Tabled 



10 



Sample 


Appearance 


Toluidine blue stain 
oeiore mo tesi 


Toluidne blue stain after 
rub test 


07 OCA /O »««tM\ 

97- lUO-ooA {d min; 


Good coating 


Unrlbrm stain 


1 ■— **- — 
Uniform 






1 Inifnrm ctain 


VJMIIUi III 


97-100-36B(2 min) 


Good coating 


Uniform stain 


Uniform 


97-100-366(15 min) 


Good coating 


Uniform stain 


Uniform 


97-100-360(15 min) 


Good coating 


Very thick, gritty 


Uniform, some peeling 


97-100-360(15 min) 


Good coating 


Very thick, gritty 


Uniform, some peeling 


97-100-36D (2 min) 


Good coating 


Uniform stain 


Uniform 


97-100-36D(15min) 


Good coating 


Uniform stain 


Uniform, some peeling 



Table 9 



Sample 


Ooating(%^ 
heptd- 
mac^lane 


Activity, mU/cm^ 






Iday 
unvwashed 


30 days 
unwashed 


1 day wash 


30 days wash 


87 days wash 


97-100-36A(2 

min dwell) 


2.0/4.0 


<150. <125 


<50 


<25. <25 


<5 


<1.<1 


97-100-36B(2 
min) 


4.0/B.O 


<25. <25 


<25 


<25. <25 


<5 


<1.<1 


97-100-360 
(2 min) 


4.0/4.0 


<175. <150 


<150 


<5Q, ^5 


<5 


<1.<1 


97-100-360 
(2 min) 


Diluted, 
4.0/4.0 


<50. <100 


<150 


<25, <25 


<5 


0. <1 



40 

ExampteS 

[0076] Stainless steel coLj|)ons were dipped once, at speeds of 10 in/min and for a dwell time of two minutes, in the 
following formulation: 2% heparin-TDMAO complex, 2% silane and 96% THF and a small amount of Triton. The cou- 
45 pons were then either left unsterllized. or sterilized with ethylene oxide or gamma radiation. 
[0077] Results for non-sterile coupons are In Table 1 0. 
[0078] Results tor ethylene oxide sterile coupons are in Table 11. 
[0079] Results for gamma radiation sterilized coupons are in Table 1 2. 

[0080] The resutting coatings were thin, witii long term durability as evident by heparin activfty results. Sterilization 
so did not appear to affect coating properties, regaidless of the sterilization mode. 



55 
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Table 10 



Sample 


Coating (%/% 
heptdmac/silane) 


Dip 


Activity, mU/cm^ 








unwashed 7 days 


Unwashed 28 
days 


7dayswash 


28 days wash 


97-100-66A 


2.0/2.0 


Single 


<125. <100 


>10. >12 


<10. <10 


<2. <1 


97-100-66E 


2.0/2.0 


Single 


<100. <125 


>10.>16 


<10. <10 


<1.0 
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Table 11 



Sample 


Coating (%/% heptd- 
mac/silane) 


Dip 


Activity. mU/cm^ 








1 day unwashed 


1 4 daya unwashed 


1 day 


Udays 


97-100-66A 


2.0/2.0 


Single 


>12 


>16. >16 


<15 




97-100-G6E 


2.0/2.0 


Single 


>12 


>16, >16 


<10 


<3,<2 



Table 12 



Sample 


Coating 
(%/% hept- 
dmac/silane 
) 


Dip 


Activity, mU/cm^ 








1 day 

unwashed 


Udays 
unwashed 


20 days 
unwashed 


1 day wash 


Udays 
wash 


20 days 


97-100-66A 


2.0/2.0 


Single 


<200. 
<200 


>16 


>16 


<20.<20 


<1.<1 


<1.<2 


97-100-66E 


2.0/2.0 


Single 


<200. 
<200 


>16 


>16 


0.0 


<2.<2 


<2.<2 





















45 

Example 7 



[0081 ] Stainless steel coupons were dipped once, dipped twice, or dipped, washed, and then dpped again, at coating 
speeds of 10 in/min and for dwell times of two minutes, in the following formulations: 1) 0.5% heparin-TDMAC complex, 
50 0.5% silane, 99% THF & small amount of Triton: 2) 0.5% heparin-TDMAC complex, 2.0% silane, 97.5% THF & small 
amount of Triton; 3) 2.0% heparin-TDMAC complex. 0.5% silane, 97.5% THF & small amount of Triton; and 4) 2.0% 
heparin-TDMAC complex. 2.0% silane, 96% THF & small amount of Triton. 
[0082] Heparin activity is shown in Table 1 3. 

[0083] The resulting thin coatings demonstrated heparin activity, including light stains before and alter rubbing. The 
55 long term durability of the coatings were evident through heparin activity results. Coating properties were variable 
according to different coating methods. 



13 



EP0982041 A1 



Table 13 



5 


Sample 


Costing 
P&/%hep- 
tdmac/sila 
ne) 


Dip 


Activity, mil/cm^ 


10 








12 days 
unwashed 


18 days 
unwashed 


12 day 
wash 


18 day 
wash 


26 day 
wash 


72 day 
wash 




97-100- 
69A 


0.5/0.5 


Single 


>iO. 


<175 


0 


<5 




0 


IS 


97-100- 
69B 


0.5/0.5 


Double 


>lO 


<1oO 


<2 






<1 




97-100- 
69C 


0.5/0.5 


DipAwash/Dip 


>lO 


<125 


<2 


jA 

<2 


<i 


<1 


20 


97-100- 
69D 


0.5/2.0 


Single 


^4 A 


<70 


<1 


<5 




<1 


97-100- 
69E 


0.5/2.0 


Double 


O 


<5 


<1 


<5 




<1 


25 


97-100- 
69F 


0.5/2.0 


Dip/wash/Dip 




<0 




O 




^4 
<l 


97-100- 
69G 


2.0/0.5 


Single 




<10 




o 




<1, <I 


30 


97-100- 
69H 


2.0/0.5 


Double 




<5 




<5 




<1,<1 


97-100- 
691 


2.0/0.5 


Dip/wash/DIp 




<2 




<5 


<2.<2 


0,<1 


35 


97-100- 
69J 


2.0/2.0 


Single 




<150 




<5 




<1,<1 


97-100- 
69K 


2.0/2.0 


Double 




<200 




<5 




<1,<1 




97-100- 
69K 


2.0/2.0 


DipAMBSh/Dip 




<250 




<5 


<3,<2 


<1.<1 



AO 



Example 8 

[0084] Stainless steel coupons were dipped twice, or were dipped, washed, and dipped again, at speeds of 1 0 in/min 
45 and for dwell times of two minutes, in the following formulations: 1) 0.5% heparin-TDMAC complex. 0.5% silane, 99% 
THF; and 2) 0.5% heparin-TDMAC complex, 2.0% silane, 97.5% THF The pH of the coatings was acQusted using acetic 
acid. 

[0085] Heparin activity as shown in Table 14. 

so 

Table 14 



Sample 


Coating (%/%heptd- 
madsilane) 


Dip 


Activity, mU/cm^ 








1 day unwashed 


1 day 


43 days 


97-100-93A 


0.5A).5 


Dout)le 


<75 


<2 


<2,<1 


97*100-93B 


0.5A).5 


DifVWash/Dip 


<50 


<3 


<1,<1 
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Table 14 (continuecl) 



Sample 


Coating (%/%hep1d- 
mac/silane) 


Dip 


Activity. mU/cm^ 








1 day unwashed 


1 day 


43 days 


97-100-93C 


0.5/2.0 


Double 


<50 


<2 




97-100-93D 


0.5/2.0 


Dip^vash/DIp 


<1 


<t 


<2,<2 



10 (0086] The resulting thin coatings demonstrated heparin activity, including light stains before and after rubbing. The 
long term durability of the coatings was evident through heparin activity results. Coating properties were variable 
accading to different coating methods 

Examples 

IS 

[0087] Stainless steel coupons arid stainless steel stents were dipped twice, or were dipped, washed with saline and 
distilled water, and dipped again, at coating speeds of 10 in/min and for dwell times of two minutes. Coating pH was 
adjusted using hydrochloric acid. Coatings derived from the following formulations were pr^red: 1) 0.5% heparin- 
TDMAC complex. 0.5% silane. 99% THF; and 2) 0.5% heparin-TDMAC complex. 2.0% silane. 97.5% THF. 
20 [0088] Heparin activity is shown in Table 15. 

[0089] Persistence of heparin activity after an inaeasing number of days suggests that most unattached heparin 
washes away immediately, but that attached heparin does not easily wash away even after prolonged exposure. 
[0090] Activity on stents is disclosed in Table 16. 



25 

Table 15 



30 


Sample 


Coating 
(%/% 
heptd- 
mac/ 
silane 


Dip 


Activity. mU/cm^ 










1 day 
unwashed 


11 days 
unwashed 


1 day 
washed 


11 days 
wash 


25 days 
wash 


43 days 
wash 


35 


97-100- 
92A 


0.5/0.5 


Double 


<2S 


<25. <25 


<2 


<1.<1 


<1.<1. 
<5. <2. 
<2.<2 




40 


97-100- 
92B 


0.5A}.5 


Dip/Wash/Dip 


<25 


<10. <25 


<2 


<1,<1 


<2. <2. 

<2. <2. 
<1.<2 . 






97-100- 
92D 


0.5/2.0 


[Double 


<10 




<5 




<5.<2 


<1.<2 


45 


97-100- 
92E 


0.5/2.0 


Dtp^osh/Dip 


<25 




<2 




<2.<2 


<1 <1 



so 

Table 16 



Sample 


Coating (%/%heptd- 
mac/lBilane 


Dip 


Activity, mU/cm^ 








1 day unwashed 


Iday 


97-100-92C 


0.5/0.5 


Dip^ash/Dip 


<125 


<50 


97-100-92F 


0.5/2.0 


DipAvash/Dip 


<50 


<50 
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[0091 ] The resulting thin coatings showed light stains before and after rubbing. TTie coatings were durable as evident 
from heparin activity results. Coating properties were variable depending on different coating metiiods. 

Example 10 

[0092] Stainless steel coupons and stainless steel sterns were dipped, washed with IPA and dipped again, at coating 
speeds of 1 0 in/niin and for a dwell time of two minutes, in the following formulations: 1)0.1% heparin-TDMAC complex. 
0.5% silane. 99.4% THF; and 2) 0.2% heparin-TDMAC complex, O.S% silane. 99.3% THF. 
[0093] Heparin activity on coupons is shown in Table 1 7. 



Table 17 



Sample 


Coating CXi/%hept- 
dmac/silane 


Dip 


Activity, mU/cm? 








2 days unwashed 


2 days wash 


34 days wash 


97-101-25A, Red 


0.1/0.5 


Double 


<25 


<1 


<2 


97-101-25A. Red 


0.1/0.5 


Double 


<25 


<1 


<2 


97-1 01 -25B, green 


0.1/0.5 


DipAwash/dip 


<75 


0 


<2 


97-101-25B. green 


0.1/0.5 


DipAvash/dip 


<50 


0 


<2 


97-1 01 -250, yellow 


0.2A).5 


Double 


<50 


<1 


<5 


97-101-25C. yellow 


0.2/0.5 


Dout>le 


<25 


<1 


<5 


97-101 -25D. brown 


0.2/0.5 


Dip/wash/dip 


<50 


<1 


<2 


97-1 01 -25D. brown 


0.2/0.5 


DipAwash/dip 


<25 


<1 


<2 


[0094] Hepain activity on stems is shown in Table 1 8 

Table 18 


Sample 


Coating (%/%hept- 
dmac/silane 


Dip 


Activity, mU/cm^ 








2 days unwashed 


2 days wash 


16 days wash 


97-101-25A. Red 


0.1/0.5 


Double 


<225 


<5 


<2 


97-101-25A. Red 


0.1/0.5 


Double 


<225 


0 


<3 


97-101-25B, green 


0.1/0.5 


DipAfvash/dip 


<125 


<1 


<2 


97-101-25B, green 


0.1/0.5 


DipAvash/dip 


<100 


0 


<5 


97-101-25C. yellow 


0.2/0.5 


Double 


<200 


<15 


<3 


97-101 -25C. yellow 


0.2A).5 


Double 


<100 


<5 


<10 


97-101-25D. brown 


0.2/0.5 


DipAwash/dip 


<200 


<5 


<10 


97-101 -25D. brawn 


0.2/0.5 


Dip^vash/dip 


<225 


<10 


<5 



[0095] The resulting ttiin coatings showed light stains before and after rut)bing. The coatings were durable as evident 
from heparin activity results. Coating properties were variable depending on different coating metiiods. 

Example 11 

[0096] Stainless steel stents were dipped once, at coating speeds of 1 0 in/min and for dwell times of five seconds and 
two minutes, in the following formulations: 1) 4.0% heparin-TDMAC complex, 8.0% silane, 88% THF. small amount of 
Triton; 2) 4.0% heparin-TDMAC complex, 4.0% silane, 92% THF, small amount of Triton; and 3) 2.0% heparin-TDMAC 
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complex, 2.0% silane, 96% THF. small amount of Triton. 
[0097] Heparin activity is shown in Table 1 9. 



Table 19 



Sample 


Coating (%/%heptd- 
mac/silane 


Dip 


Activity, mU/cm^ 








Unwashed 


3/4 days 


97-100^A 




Single 


<175 


<S0 


97-101 -SOB 


4/4 


Single 


<150 


<125 


97-100-54B 


2/2 


Single 


<225 


<25(4days) 



IS 

Again, coating properties varied using different coating methods. 
Example 12: 

20 [0098] Stainless steel sterns were dipped twice, at coating speeds of 1 0 InAnin and at a dwell time of two minutes, in 
the following formulations: 1) 0.2% heparin-TDMAC complex. 0.5% silane: 2) 0.5% heparin-TDMAC complex, 0.5% 
silane; 3) 0.5% heparin-TDMAC complex, 1.0% silane; 4) 1.0% heparin-TDMAC complex, 1.0% silane; and 5) 1.0% 
heparin-TDMAC complex. 2.0% silane. Stents were either left unsterilized or were sterilized with gamma radiation. 
[0099] Table 20 shows results for non-sterile stents. 

2S 



Table 20 



Sample # 


Coating (%/%heptd- 
mac^ilane) 


Dip 


Activity. mU/cm^ 








4 days unwashed 


4 days 


97-101-86A 


0.2/0.5 


Double 


<100 


<1 


97-101 -86A 


0.2/0.5 


Double 


<125 


<1 


97-101-86B 


1.0/2.0 


Double 


<200 


<10 


97-101-86B 


1.0/2.0 


Double 


<225 


<5 


97-101-86C 


1.0/1.0 


Double 


<225 


<5 


97-101-86C 


1,0/1.0 


Double 


<225 


<5 


97-1 01 ^D 


0.5/1.0 


Double 


<200 


<5 


97-101-86D 


0.5/1.0 


Double 


<225 


<5 


97-101-86E 


0.5/0.5 


Double 


<225 


<5 


97-101-86E 


0.5/0.5 


Double 


<200 


<5 


97-101-86F 


0.5/1.0 Sutton 


Double 


<125 


<1 


97-101-86F 


0.5/1.0 Sutton 


Double 


<125 


<5 



so 

[0100] Table 21 shows activity for sterile stents. 



ss 
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Table 21 



Sample # 


Coating (%/%heptd- 

llKlvrSllano/ 


Dip 


Activity, nrtU/cm^ 








4 days unwashed 


4 days 


Q7-ini-fiAA 


A o/n e 


Hm riKJo 

uouote 


>200 


<1 






Doubia 


>200 


<5 


y # " lu 1 ~ooD 


1 f\/o n 

1 .yJI^AJ 




>200 


<10 


Q7.i Ai^cn 


1 .Uf&.U 


Doubia 


>200 


<5 


y /-lUi-oOw 


1 .Ui 1 .u 


Doubia 


>200 


<10 




1 0/1 0 


Double 


>200 


<10 


97-101 -86D 


0.5/1.0 


Double 


>200 


<5 


97-101 -86D 


0.5/1.0 


Double 


>200 


<5 


97-101-86E 


0.5/0.5 


Doubia 


>200 


<5 


97-1 01 


0.5/0.5 


Doubia 


>200 


<5 


97-101 -86F 


0.5/1.0 Sutton 


Doubia 


>200 


<5 


97-101-86F 


0.5/1.0 Sutton 


Doubia 


>200 


<5 



Sterilization showed no effect on coating properties. The coatings were durable on stents, as evident by heparin activity 
altar several days off washing. 

30 Example 13 

[0101] Several coupons and stents were coated with 0.2% heparin-TDMAC compiex, 0.5% silana and 99.3% THF. 
These pieces were sterilized by gamma radiation and sent to NAMSA for bioconrpatibility testing. Three tests, Hemol- 
ysis. Cytotoxicity and Thromboresistance, were conducted. The coating passed all three tests. 

35 [0102] In addrtion to the foregoing examples, various other methods and coatings may be envisioned in the spirit of 
the present disclosure. For example, heparin might be covaientiy linked to a substrate with a silane identified as capable 
of being soaked into a stainless steel suriiace. TTie silane compound could have amino or epoxy terminal groups. The 
silane could thus be used to link heparin molecules to the substrate in a manner similar to the silane of Isocyanate func- 
tionality disclosed herein. IHeparin could ttien be prepared with an aldehyde positive group that mixed with an NH2 

40 group to provide an end linkable to heparin without affecting its activity The procedure to make degraded heparin is well 
known to those of ordinary skill in the art. 

[01 03] A coating system may also be provkled in which heparin can be covalentily linked or can be incorporated into 
a matrix to otJtain variable rate of elution. A silicon fluid, such as Dow Coming MDX 4-4159 is used, with the active sil- 
icon being an amino functional polydimethyl siloxane copolymer. The coating maybe used to coat stainless steel guide 

45 wire& This wortdng can be utilized for heparin oovalent-bonding as desaibed below. 

[01 04] First, a solution of heparin (deaminated) in water or other solvent may be provkJed. A wire coated with a silicon 
fluid in a solvent may be placed in the solution for some time, for example two hours. The heparin has an aldehyde 
group that can link to tiie amino functionality in tiie silicon copolymer. Other amino functionalized siGcon polymers, or *" 
copolymers, can be used to achieve ccvalent bonding of heparin to the substrata 

50 [01 05] Having now fully descrbed this inventton, it will be understood to ttiose off ordinary sWil in the art tffiat the same 
can be performed wittiin a wide and equivalent range of conditions, formulations, and ottier parameters without affecting 
the scope of the invention or any embodiment thereof. Ail patents and publications cited herein are fully incorporated 
by reference herein in their entirety 

55 Claims 

1 . A process for coating a medical device with a silane or siloxane having at least one functional group selected from 
the group consisting of an isocyanate. an isothiocyanate. an ester, an anhydride, an acyl halide, an alkyi halide, an 
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epoxide and an aziridine, comprising plasma depositing said silane or said siloxane. 

2. The process off dalm 1 , further comprising contacting said silane-coated or siloxane-coated medical device with a 
biopolymer. 

3. The process of claim 2. wherein said biopolymer is capable of forming a covalent bond with said silane or said 

siloxana 

4. The process of daim 2, wherein said biopolymer provides thromboresistance. 

5. The process of dalm 2. wherein said biopolymer is derived from the group consisting of heparin-tridodecylmethyl- 
ammoniurn chloride, heparin-benzalkonium chloride, heparin-steralkonium chloride, heparin-poly:A/-vinyl-pyrro- 
lidone. heparin-ledthin. heparin<iidodecyldimethylammonium bromide, heparin-pyridinium chloride, and heparin- 
synthetic giycolipid complex. 

6. The process of daim 5, wherein said biopolymer Is derived from hepartn-tridodecylmethylammonium chlorida 

7. The process of daim 1 , wherein said funcb'onal group is an isocyanate. 

8. The process of daim 7, further comprising contacting said silane-coated or sitoxane-coated medical device with a 
biopolymer. 

9. The process of dalm 8, wherein said biopolymer provides thromboresistance. 

10. The process of daim 9, wherein said biopolymer is derived from the group consisting of heparin-tridodecyfmethyl- 
ammonium chloride, heparin-benzalkonium chloride, heparin-steralkonium chloride. heparin-poly-A/-vinyl-pyrro- 
lidone. heparin-ledthin, heparin<lidodecyldimethylammonium bromide, heparin-pyridinium chloride, and heparln- 
synthetic giycolipid conplex. 

11. The process of daim 10, wherein said biopolymer is derived from beparln-tridodecylmethytammonlum chlorida 

12. The process of claim 1. wherein said medical device comprises a material selected from the group consisting of 
stainless steel, nitinol, tantalum, glass, ceramic, nickel, titanium and aluminum. 

13. The process of daim 12, wherein said medical device further comprises a polymer covering. 

14. The process of daim 1 3, wherein said polymer is selected from the group consisting of polytetrafluoroethylene and 
expanded polytetrafluoroethylene. f luorlnated ethylene propylene, pdytetraf luoroethylene-periluoroalkyl vinyl ether 
copolymer, polyvinylchlorkJe, polypropylene, polyethylene terephthalate, polyurethane, polyureas. fibrins, silicone 
and broad fluoride. 

15. The process of daim 14. further comprising contacting saki silane-coated or siloxane-coated medical device with 
a biopolymer. 

1 6. The process of daim 15, wherein sakJ bk>polymer provkies thromboresistance. 

17. The process of claim 16, wherein said biopolymer is derived from the group consisting of heparin-tridodecylmeth- 
ylammonium chloride, heparin-benzalkonium chloride, heparin-steralkonium chloride, h^rin-poly-A/-viny! nyrro- 
lidone. heparin-ledthin, heparin-dkiodecykiimethylammonrum bronude, heparin-pyrclinlum chlorkle. and hep.,rin- 
synthetic glycolipkJ complex. 

18. The process of daim 17. wherein sakJ biopolymers derived from heparin-trkiodecylmethylammonium chlorkJe. 

1 9. The process of daim 1 , wherein sakJ medical device is selected from the group consisting of a stent a catheter and 
a prosthesis. 

20. The process of daim 19, wherein said stent is an expandable stent 



19 



EP0 982 041A1 

21. A coated medical device, comprising: 

a plasma-deposited coating of a silane or a siloxane either having at least one functional group selected from 
the groiip consisting of an Isocyanate, an isothiocyanate. an ester, an anhydride, an acyl halida an ai)^ halide. 
an epoxide and an aziridine. 

22. The coated medical device of claim 21. wherein said functional group is an isocyanate. 

23. The coated medical device of claim 21. further comprising a biopolymer covalently linked to said silane or said 
siloxane. 

24. The coated medical device of claim 23, wherein said biopolymer provides thromboresistance. 

25. The coated medical device Qf claim 24, wherein said biopolymer is derived from heparin. 

26. The coated medical device of claim 23, wherein the biopolymer comprises an adduct of heparin moleculee. 

27. The coated medical device of claim 25. wherein said biopolymer is derived from a complex selected from the group 
consisting of heparin-tridodecylmethylammonium chloride, heparin-benzalkonium chloride, heparin-steralkonium 
chloride, heparin-poly-A/-vinyi-pynrolidone. heparin-leclthin, heparin-didodecyldimethylammonium bromide, 
hepariniayridinium chloride^ and heparin-synthetic glycolipid complex. 

28. The coated medical device of daim 27. wherein the biopolymer Is derived from heparin-trldodecylmethylammo- 

nlum chloride. 

29. The coated medical device of claim 21. wherein said silane or said siloxane further comprises a linking group 
between the silicon atom and said functional group. 

30. The coated medical device of daim 21 . wherein said device is selected from the group consisting of a stent a cath- 
eter and a prosthesis. 

31. The coated medical device of daim 30. wherein said stent is an expandable stent. 

32. The coated medical device of daim 21 , wherein said medical device comprises a material selected from the group 
consisting of stainless steel, nitinol. tantalum, glass, ceramic. nk:kel. titanium and aluminum. 

33. The coated medical device of daim 32. wherein said medical device further comprises a polymer covering. 

34. The coated medical device of claim 33, wherein said polymer is selected from the group consisting of polytetraf luor- 
oethylene and expanded polytetrafluoroethylene. fluorinated etfiylene propylene, polytetrafluoroethylene-perfluor- 
oaikyi vinyl ether copolymer, poiyvinylchloride, polypropylene, polyethylene terephthalate, polyurethane, polyureas, 
fibrins, silicone and broad fluoride. 

35. In a medical device having a silane or siloxane coating covalently bound to a thromboresistant biopolymer; the 
improvement comprising: a plasma-deposited silane or plasma-deposited sitoxane, either having a functional 
group selected from the group consisting of an isocyanate. an isothiocyanate. an ester, an anhydride, an acyl hal- 
ide. an alky! halide. an epoxide and an aziridine, which has been reacted with a biopolymer to form a covalent 
attachment. r 

36. A throiT^resistant stent, comprising a silane or siloxane, either having a functional group seleded from the group 
consisting of an isocyanate, an isothiocyanate. an ester, an anhydride, an acyl halide. an alkyi halkle. an epoxide 
and an azirkJine. which has been reacted with a biopolymer to form a covalent attachment, produced by the proc- 
ess of daim 11 adaim20. 

37. A process for coating a medical devtoe with a thromboresistant material, comprising: 

(a) dissolving a silane or a siloxane either of which having a functional group selected from the group consisting 
of an isocyanate, an isothiocyanate. an ester, an anhydride, an acyl halide, an alkyI halide. an epoxide and an 



20 



EP0 982 041 A1 



aziridine in a solvent to form a solution; 

(b) exposing a medical device having a polymeric covering to said solution to at least partially penetrate said 
polymeric covering with said siiane or said siloxane; 

(c) removing said solvent; and 

(d) contacting said at least partially penetrated siiane or said at least partially penetrated siloxane with a throm- 
tx>reistant blopolymer having at least one amino or hydroxyl functionality. 

38. The process of claim 37. wherein said solvent is selected from the group consisting of 2-propanol, toluene, xylene, 
acetone. DMF. THF, dimethylacetamide. CH2CI2 and Freon. or a mixture or blend thereof. 

39. The process of claim 37, wherein said polymeric coating is selected from the group consisting of polytetraf luoroeth- 
ylene expanded polytetraf luoroethyiene. f luorinated ethylene propylene, polytetraf luoroethytene-perfluoroalkyi vinyl 
ether copolymer, polyvinytchloride. polypropylene, polyethylene terephthalate. polyurethane. polyureas, fibrins, sil- 
icone and broad fluoride. 

40. A process for coating a medical device with a ttiromboresistant material, comprising: 

(a) contacting a siiane or a siloxane either of which having a functional group selected from the group consist- 
ing of an isocyanate, an isothiocyanate, an ester, an anhydride, an acyl halide, an alkyi halide, an epoxide and 
an aziridine with a thromboresistant biolpdymer having an amino or hydroxyl functional group to form said 
thromboresistant material; . 

(b) dissolving said thromboresistant material in a solvent to form a solution; 

(c) exposing a medical device having a polymeric covering to said solution to penetrate said polymeric covering 
with said thromboresistant material; and 

(d) removing said solvent 

41. The process of claim 40, wherein said solvent is selected from tiie group consisting of 2-propanol, toluene, xylene, 
acetone, DMF, THF, dimethylac^mide, Ch42Cl2 and Freon, or a mixture or blenb thereof. 

42. The process of claim 40, wherein said polymeric coating is selected from tfie group consisting of polytetralluoroeth- 
ytene, expanded polytetrafluoroettiylene. fluorinated ethylene propylene, polytetrafluoroethylene-perfluoroalkyl 
vinyl ettier copolymer, polyvinytchloride. polypropylene, polyethylene terephtiialate. polyurethane. polyureas, 
fibrins, silicone and broad fluoride. 

43. A coated medical device, comprising a siiane or siloxane, eitiier having a functional group selected from tiie group 
consisting of an isocyanate, an isothiocyanate. an ester, an anhydride, an acyl halide, an alkyl halide. an epoxide 
and an aziridine. which has been reacted with a blopolymer to form a covalent attachment, produced by the proc- 
ess of daim 40 or daim 37. 

44. The coated medical device of daim 43. which is a stent a catheter or a prostiiesis. 

45. The coated medical device of daim 44, which is a stent. 

46. The coated medical device of claim 45. which is an expandable stent 
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